Filamentous particles containing single-stranded plasmid and bacteriophage DNA are able to infect FEscherichia coli at frequencies of approximately 10-6. This infection is dependent on an intact particle and requires the products of the tolQ, tolR, and toUl genes of the bacteria. The addition of CaCl2 can increase the frequency about 100-fold, presumably by increasing the concentration of particles at the bacterial surface.
MATERIALS AND METHODS
Strains and plasmids. The F-strains of E. coli used in this study are shown in Table 1 and are all derivatives of the K-12 strain C600. The mutations in orf-J, tolQ, toIR, and tolA were introduced into K17 by P1 transduction. The * Corresponding author. rfaC2::TnJO allele from CS1700 (provided by C. Schnaitman) was introduced into A593 by P1 transduction. The plasmids pD8, pKUN1, pKAS1, and pE286 (Table 1) are derivatives of pBR322 and thus contain a ColEl replication origin. Plasmid pJH16 is a pACYC184 derivative that contains a cat gene and the fl origin and packaging signal; it was constructed and kindly provided by J. Heitman. Bacteriophages fd tet (27) , an infectious filamentous phage that contains the tetracycline resistance gene from TnJO, and fKN16, a derivative of fd tet containing a 507-base deletion in gene III (17) , were obtained from G. Smith.
Preparation of transducing particle lysates. Transducing particles were prepared as plate lysates; a few drops of an overnight culture of cells containing the appropriate plasmid were plated with 106 helper phage in soft agar and incubated at 37°C overnight. The lysates were harvested by adding 3 to 4 ml of broth to each plate, gently agitating the plates on a gyratory platform shaker for 60 min, centrifuging the recovered liquid to remove suspended cells, and heating the supernatant at 65°C for 10 min to kill residual viable cells. The fl-type transducing particles were prepared from plasmid-containing K38 with R408 helper phage (20) . The Iketype transducing particles were prepared from pKUN1-containing K906 with Ike-9 helper phage. The titers of transducing particles were determined by adsorbing lysate dilutions to excess, concentrated (109/ml), log-phase F+ or N+ bacteria for 10 min at 37°C and then spreading samples on tryptone-yeast extract plates and underlayering them with 0.3 ml of the appropriate antibiotic. This allowed in situ phenotypic expression. The fl-type particles were assayed on K38 or K1091, and the Ike-type particles were assayed on K906.
Infection of F bacteria. Bacteria were grown at 37°C in FB broth (25 g of tryptone, 7.5 g of yeast extract, 6 g of NaCl, 1 g of dextrose, 15 ml of 1 M Tris hydrochloride [pH 7 .6] per liter) containing the appropriate antibiotics. Streptomycin (20 ,ug/ml) and tetracycline (20 jig/ml) were used for T58, T66, and T946; streptomycin and chloramphenicol (15 ,ug/ml) were used for TPS300 and TPS400; streptomycin was used for K17; and no antibiotic was used for the remaining strains. Medium containing the appropriate antibiotic for each strain is referred to as growth medium. When the culture reached 2 x 108 cells per ml, the bacteria from 1-ml samples were isolated by centrifugation at 25°C and suspended in 0.2 ml of the same growth medium containing the filamentous transducing particles. (See Tables 2 to 4 Hybridization reactions. Plasmids pKAS1 and pE286 were prepared as described by Maniatis et al. (14) and nick translated by using [a-32P]CTP as the radioactive label (9, 22) . K17 and K17(F') were grown on cellulose nitrate filters (Sartorius; 0.45 lxm) on tryptone-yeast extract plates, and the colonies were lysed and probed for the presence of F plasmid sequences by using nick-translated pKAS1 and pE286 (8 Table 2 , these particles transduce the F-strain K17 to antibiotic resistance at a frequency ranging from 5 x 10-7 to 250 x 10-7 per cell, depending on the multiplicity of infection. Another F-derivative of E. coli K-12, W3110, was transduced at a similarly low frequency (data not shown). The low-level transduction is not unique to fl-type filamentous particles. Transducing particles of pKUN1 produced from an Ike-infected culture transduce N+ strains (but not F+ strains) at high efficiencies. These particles also transduce the F-strain K17, but at the same low efficiency as the F-specific particles.
The low-frequency transduction of F-cells is dependent on intact particles and is not the result of a rare transformation event with phage DNA, since treatment of the transducing particles with DNase had only a modest (twofold) effect on their infectivity (Table 2, line 5). Treatment of single-stranded DNA under identical conditions reduced its ability to transform competent cells more than 10,000-fold (data not shown). Consistent with this observation, pretreat: ment of transducing particles with anti-fl phage antibody lowered their infection efficiency at least 100-fold (Table 2 , line 6) relative to the preimmune serum-treated ( The original E. coli K-12 from which K17 and W3110 are derived is F'. This fact raised the possibility that its Fderivatives retain F genes that are occasionally expressed, leading to the rare formation of an F pilus. This is not the case, as K17 does not contain sequences that hybridize to crucial F-encoded genes (Fig. 1) . Nick-translated plasmids containing F plasmid transfer genes traA, traL, and traE (pE268) or traC (pKAS1) hybridize to K17 containing the single-copy F' factor but not to K17 lacking it. Transfer gene traA encodes the major structural protein of pili (7) , while the traC product is required for pilus assembly (21).
Transduction of F-bacteria by filamentous particles requires toLA, tolQ, and toiR. Normal infection of an F' bacterium by filamentous phages requires the function of the chromosomal genes tolA (23, 24, 28) , tolQ (25) , and tolR (25) , although competent WUA, tolQ, or tolR mutants can be transformed by single-stranded fl DNA (25) . Table 3 shows that the transduction of F-bacteria also requires the tolQ, toiR, and tolA genes. Mutations in either tolQ, toiR, or tolA reduce the efficiency of transduction more than 500-fold to below the limits of detection. (25) . The products of orf-J and toiB, genes that flank tolQ, toiR, and tolA, are not necessary for normal infection of F+ bacteria (25) . F-strains which carry mutations in either of these genes can be transduced with pD8 or pJH16 transducing particles with the same efficiency as wild-type K17 (Table 3) .
Parameters affecting transduction of F bacteria. F-bacteria were also infected under conditions designed to alter their surface properties. rfaC mutants lack outer membrane lipopolysaccharide, leading to increased permeability to a number of compounds (2) . An rfaC mutation introduced into A593 had no effect on the frequency of infection by transducing particles (Table 4) . Similarly, treatment of rfaC+ cells with EDTA, which is known to release lipopolysaccharide from the outer membrane, had no effect. By contrast, treatment with 50 mM CaCl2 stimulated transduction more than 100-fold; CaCl2 promotes the reversible adherence of phage particles to the cells (Table 4) , so presumably the stimulation of transduction is due to a higher effective concentration of transducing particles at the cell surface. This treatment does not bypass the tolQ-tolR-tolA system, since there is no detectable transduction of CaCl2-treated tolA mutant cells. As with F' cells, infection of F-bacteria requires the function of host genes to1Q, tolR, and tolA, suggesting that the role of the F pilus is to deliver the infecting particle to some type of uptake system requiring the TolQ, ToIR, and TolA proteins. Thus, infection by filamentous phage or transducing particles is usually at least a multistep process, involving attachment via an initial interaction between the phage gene III protein and the F pilus receptor (15, 19) followed by entry, which requires an interaction between the phage and the TolQ-TolR-TolA protein system (25) . The role of the phage gene III protein in binding the particle to the F pilus is well established (for a review, see reference 15) . In addition, evidence has accumulated that the gene III protein may interact with the Tol products as well. Expression of pIl makes bacteria phenotypically Tol; they become tolerant to colicins (3, 23, 28) , resistant to filamentous phage infection, and sensitive to deoxycholate (3) . Phage fKN16, a derivative of phage fd with an internal deletion in gene III, forms stable particles which are noninfectious to F' bacteria (17) . Bacteria containing fKN16 do not exhibit any of the Tol phenotypes (3), and fKN16 phage are unable to transduce F-cells. Taken together, these observations suggest that a pIII-Tol protein interaction is a necessary part of the infectious process.
CaCl2 increases the efficiency of infection of F bacteria in a manner that is still dependent on the tolQ-tolR-tolA system. CaC12 promotes the reversible adherence of the particles to the cell. Both the particles, and the bacteria are negatively charged at their surface; CaCl2 may shield the charges, thereby allowing-a higher effective concentration of particles at the cell surface. Barnes (1) has noted that polyethylene glycol increases the efficiency of transduction, presumably also by concentrating the particles and Fbacteria.
The population of F-bacteria is rather refractory to transduction, but any individual bacterium that takes up one particle is very susceptible to transduction by a second, as reflected in the high frequency of double transduction observed when two different kinds of transducing particles are added. These susceptible cells are not mutants. It is formally possible that the entry of one particle directly facilitates entry of a second. More likely, bacteria may become briefly competent, either on a random basis or in a manner dependent on the physiological state of the cell. For example, there may be a brief period in the cell division cycle when the tolQ-tolR-tolA system is more accessible to the particles. Further investigation will be required to distinguish among these possibilities.
